A spherical and cavernous carbocage molecule exhibiting faces with larger ring sizes than regular fullerenes is a suitable species for investigating how molecular magnetic properties depend on the structure of the molecular framework. The studied all-carbon gaudiene (C 72 ) is a highly symmetrical molecule with three-and four-fold faces formed by twelve membered rings. Here, we attempt to unravel the magnetic response properties of C 72 by performing magnetic shielding and current density calculations with the external magnetic field applied in different directions. The obtained results indicate that the induced current density flows mainly along the chemical bonds that are largely perpendicular to the magnetic field direction. However, the overall current strength for different directions of the magnetic field is nearly isotropic differing by only 10% indicating that C 72 can to some extent be considered to be a spherical aromatic molecule, whose current density and magnetic shielding are ideally completely isotropic. The induced magnetic field is found to exhibit long-range shielding cones in the field direction with a small deshielding region located perpendicularly to the field outside the molecule. The magnetic shielding is isotropic inside the molecular framework of C 72 , whereas an orientation-dependent magnetic response appears mainly at the exterior of the molecular cage.
Introduction
The since the seminal discovery of buckminsterfullerene (C 60 ), [1] [2] [3] rapid and extensive development has happened in the field of carbon nanostructures, leading to a variety of interdisciplinary applications of technological interest. [4] [5] [6] [7] The almost spherical C 60 belongs to the icosahedral (I h ) point group. It has sixty chemically equivalent sp 2 carbon atoms representing the basic motif for hollow all-carbon materials that have technologically relevant properties such as high specific surface area, efficient electron acceptor properties, good chemical stability, and an available hollow interior. [4] [5] [6] 8 The hollow structure makes fullerenes of interest for a wide range of applications such as in lithium-ion batteries, [9] [10] [11] catalyst supports, 12, 13 hydrogen storage, 14 as electron acceptors in solar cells, 15 and as carrier molecules for drug and gene delivery, 16 among others.
Extensive research efforts, whose aim is to develop, functionalize and characterize novel carbon structures, have been motivated by the wish to design molecules and materials with important technological properties. Recently, the seminal construction of a hollow all-carbon molecule (C 72 ) was proposed on the basis of one of the architect Gaudí's artifacts. 17 The molecule is therefore called gaudiene (1) . This carbon structure belonging to the octahedral (O h ) point group has twelvemembered rings with radii of 2.1 Å and 2.4 Å around the threeand four-fold symmetry axes of the O h point group, respectively. Larger gaudiene structures can formally be obtained by wrapping graphyne sheets onto a sphere leading to hollow all-carbon structures with alternating sp 2 and sp hybridized carbons atoms as compared to the sp 2 hybridization of the carbons in fullerenes. 18 Gaudiene (C 72 ) exhibits 72 vertices leading to the same number of p electrons on the surface of the highly symmetrical cage (O h ). The 72p electrons fulfill Hirsch's 2(n + 1) 2 rule for spherical aromatic species, with n = 5. [19] [20] [21] [22] The aromatic properties of C 72 were confirmed by calculating the strength of the magnetically induced current density susceptibility around the molecule using the gauge-including magnetically induced current (GIMIC) method. 17, [23] [24] [25] The magnetically induced current susceptibility is here analyzed in order to extend our understanding of the orientation-dependent character 26 of the magnetic response of the cavernous and almost spherical carbon structure. We investigate the magnetic shielding functions that yield the magnetic response in the vicinity of the molecule, as given by induced magnetic field (B   ind   ) . [27] [28] [29] The visualization of B ind offers an overall picture of the magnetic shielding and deshielding regions around the molecule, and has also been widely used for demonstrating ring current effects in aromatic molecules and to graphically show the anisotropic effects that originate from molecular substituents. [30] [31] [32] [33] [34] [35] The magnetic response of the spherical aromatic counterpart of C 60 , namely C 60 10+ , for a given orientation of the applied field revealed that the current density susceptibility of spherical aromatic molecules is almost isotropic around the molecular cage. 26, 31 The uniform shell of diatropic current density susceptibility leads to a strongly shielded region inside the molecular cage. Gaudiene may be another class of spherical aromatic molecules, because magnetic fields are also shielded in the interior of the molecule. 17 C 72 has larger molecular rings and a lower symmetry than C 60 . It has two different symmetry axes, namely through the three-and four-fold molecular rings of the cage faces. Thus, C 72 is an interesting molecule for studies of the magnetic response of almost spherical molecular cages, whose structure significantly differs from fullerenes. Here, we investigate the magnetic properties of gaudiene by exposing the molecule to an external magnetic field in the three Cartesian directions with the aim to obtain a deeper understanding of the magnetic response of cavernous structures. The analysis of the magnetic response is based on calculations for the free-standing molecular rings of the cage structure, namely the hexadehydro [12] annulene (2) and tetradehydro [12] annulene (3) molecules. The magnetic response is also evaluated by calculating the current density susceptibility using the gauge including magnetically induced current (GIMIC) method. [23] [24] [25] The results of the current susceptibility calculations are compared with the induced magnetic field calculated at discrete points around the molecule. 29 Thus, two complementary approaches have been employed for understanding the magnetic behavior of gaudiene.
Computational details
The molecular structure optimizations were performed at the density functional theory (DFT) level employing the ADF code. 36, 37 We used the all-electron triple-z Slater basis set augmented with double polarization functions (STO-TZ2P) and the non-local Becke-Perdew (BP86) functional within the generalized gradient approximation (GGA). [38] [39] [40] The nuclear magnetic shielding constants and nucleus-independent shielding tensors were calculated with the NMR module of ADF at the DFT BP86 level using the STO-TZ2P basis set employing gauge-including atomic orbitals (GIAO). 29, [41] [42] [43] In the NMR calculations we used a three-dimensional grid of 41 Â 41 Â 41 with a separation of 0.635 Å. The magnetically induced current density susceptibilities were calculated using the gauge-including magnetically induced current (GIMIC) method. [23] [24] [25] In the GIMIC calculations, the input information comprises basis set data and the unperturbed and first order magnetically perturbed density matrices obtained from the Kohn-Sham and NMR calculations, respectively. The density matrices were obtained at the BP86/def2-TZVP level in combination with the resolution of the identity (RI) approximation using the Turbomole code version 7.0. [44] [45] [46] [47] [48] Current strengths and current pathways were obtained via numerical integration of the current density susceptibility passing chosen planar domains, cutting chemical bonds at the bond center perpendicularly to the bond. For the molecules consisting of a single ring, the rectangular integration grid was extended from the center of the ring to 5 Å above and below the ring plane and 5 Å outwards from the bond. In gaudiene, the integrations were performed using a circular grid around the chemical bond with a radius of 2.3 Å. For simplicity, we use the term current density instead of current density susceptibility in the discussion of the results.
Results and discussion
Gaudiene (1) shown in Fig. 1 has a cavernous structure consisting of six four-fold rings with triple bonds in the center of the edges and eight three-fold faces with alternating double, single, and triple bonds. The resulting all-carbon octahedral structure has annelated hexadehydro [12] annulene (2) and tetradehydro [12] annulene (3) rings leading to a hollow structure with 72p electrons on the surface. The neutral isolated ring fragments 2 and 3 with 12p electrons are expected to be antiaromatic according to Hückel's 4n electron count rule, which is also confirmed by calculations of the magnetic shieldings and current densities. 29 Here, indices i and j correspond to the x-, y-and z-axis of the molecule-fixed Cartesian coordinate system (i, j = x, y, and z). The magnetic response property is directly related to the experimentally accessible magnetic chemical shift tensor at the nuclei (d ij = Às ij ), which has been widely used for evaluating the aromatic character of molecular rings according to the magnetic criterion. 19, 22, 27, 29, 52, 53 The magnetic criterion for aromaticity states that aromatic rings sustain a diatropic ring current when exposed to an external magnetic field. The diatropic ring current leads to a shielding of the magnetic field inside the ring, whereas the exterior parts of the ring e.g., the outer hydrogens are deshielded. In contrast, antiaromatic rings sustain a paratropic ring current leading to a strengthening (deshielding) of the magnetic field inside the molecular ring. The isotropic component shown in Fig. 2 corresponds to the averaged magnetic response when exposing the molecule to an external magnetic field (
The isotropic magnetic shielding or chemical shift accounts for the experimental molecular tumbling. 29 The calculated d iso for neutral 2 indicates that it is antiaromatic as is also observed experimentally. 49, 50, 54 Previous magnetic shielding and current density calculations showed that 2 is antiaromatic. 49, 50 The magnetic shielding function has a deshielding region in the interior of the ring and the experimental 1 H NMR chemical shift of 5.55 ppm suggests that the molecular ring sustains a net paratropic ring current. 54 Calculations of the magnetic shielding function for the doubly charged cation (2
2+
) with 10p electrons yield a magnetic response that is typical for aromatic rings, which is also in agreement with the expectation from Hückel's p-electron count rule. The doubly charged tetradehydro [12] annulenes 3 2+ and 3 2À with 10 and 14p-electrons, respectively, are also found to be aromatic. The isosurface representation of d iso at AE5 ppm shown in Fig. 2 Fig. 2 , where the magnetic field is perpendicular and parallel with respect to the molecular ring, respectively. The long-range magnetic shielded region is seen above and below the aromatic ring. [27] [28] [29] 56 For 2, the region above and below the ring is deshielded suggesting that it is antiaromatic. The calculations of the current density using the GIMIC method and the numerical integration of the ring-current strength show that 2 is antiaromatic sustaining a ring current of À40 nA T À1 when the magnetic field is perpendicular to the molecular plane. The annelated 2 and 3 fragments constitute the octahedral gaudiene cage with eight three-fold and six four-fold faces. The energy levels of the 72p electrons on the surface of the allcarbon O h structure are depicted in Fig. 3 . The radial p orbitals are labeled in terms of angular momentum functions in order to account for the shell closure as expected by the Hirsch 2(n + 1) 2 rule for spherical aromaticity. 20, 22 Hirsch's 2(n + 1) 2 rule can be derived by assuming that the potential due to the electronic charge density of the molecular shell is practically infinitely thin and spherical implying that orbitals without Fig. 2 The magnetic shielding functions for the molecular systems representing the rings in the gaudiene faces. The isosurface value AE5 ppm has been used in the plot. Positive values of the shielding functions are indicated in orange and the negative ones are green. View Article Online radial nodes are much lower in energy than those with a radial node. To obtain a uniform angular shape for the potential, the aufbau principle is obtained by expanding the orbitals in spherical harmonics multiplied by a nodeless radial function.
The tangential p orbitals of the triple bonds are omitted, because they cannot contribute to the global electron delocalization. For symmetry reasons, energy levels with l > 1 split in the O h point group. The radial p-electron levels up to l = 5 are shown in Fig. 3 , where the HOMO is represented by the h-shell like levels, as also obtained at the B3LYP level of theory. 17 The direction dependence of the magnetic shielding function can be studied by applying the external magnetic field along the symmetry axes. The isotropic representation is simpler to interpret, but it also hides some information. 26 The isotropic magnetic shielding function is shown in Fig. 4 . The isosurface of the nucleus independent chemical shift function with a threshold of À5 ppm is located outside gaudiene at a radial distance of 1.3 Å from the molecular frame. The isotropic magnetic shielding function in Fig. 4 resembles the magnetic shielding function calculated for spherical aromatic C 60
10+
, which has a large and almost constant magnetic shielding inside the molecular cage. 26 For gaudiene, the magnetic chemical shift in the interior of the cage is about À30 ppm, as compared to À80 ppm for C 60
. 57 The magnetic chemical shift along the radius from the center of the molecule is about À30 ppm in the radial range from zero to 3.2 Å and decreases to about À10 ppm at the molecular frame, where a larger anisotropy of the shielding function also appears, as seen in Fig. 5 . At a radial distance of 7.0 Å from the center, d iso is À1.0 ppm and it vanishes at a very long distance due to the large radius of the global ring currents around the whole gaudiene molecule. The shielding calculations show that gaudiene sustains a net diatropic current density, whereas the d zz component shown in Fig. 5 reveals some anisotropy in the magnetic shielding function, with a deshielding region of about 1 ppm above the CQC double bonds. The direction-dependent magnetic response is due to the slightly different current strength passing the chemical bonds when the annelated 2 and 3 rings of gaudiene are perpendicular to the external magnetic field. From the cut-plane representations in Fig. 4 , one can see that in the interior of the molecule the shielding function is almost direction independent, whereas at the outer part of the molecule the shielding function depends on the orientation of the external magnetic field. Thus, the magnetic shielding function of gaudiene is similar to spherical aromatic compounds by having almost isotropic shielding in the interior of the molecular cage. However, the shielding function for gaudiene is direction dependent in the outer region, which is not expected for ideal spherical aromatic species. The d zz component has a long-range shielding cone as well as a deshielding belt outside the molecular frame in the middle of the molecule. 5 The profile of the magnetic shielding function passing through the center of (a) the three-fold and (b) four-fold rings. The z-axis is oriented along the three-fold and four-fold symmetry axis, respectively. The origin corresponds to the center of the gaudiene cage.
The calculated shielding function indicates that gaudiene sustains ring currents around the cage structure. Explicit calculations of the magnetically induced current density using the GIMIC method show that gaudiene sustains a net ring current of 40. , and whose diatropic and paratropic contributions are 12.7 nA T À1 and À2.3 nA T
À1
, respectively. Since the paratropic contribution of the double bond is much smaller, the main contribution to the paratropic current of À2.3 nA T À1 is due to a local bond current. The current density forms a global ring current around the whole molecule, whereas gaudiene does not sustain any local ring currents as seen in Fig. 7 .
The global ring current is 36.3 nA T À1 , when the external field is oriented along the three-fold axis, which is somewhat weaker than the current strength of 40.5 nA T À1 that is obtained with the magnetic field oriented along the four-fold axis. The main contribution to the global ring current of 18.3 nA T
flows along the 'equator' in the middle of gaudiene as shown in Fig. 6 . The current is dominated by the diatropic contribution of 20.4 nA T À1 and the paratropic current is only À1.8 nA T À1 .
At the formal double bond of the annelated 2 rings, the ring current bifurcates into two branches whose strengths are 5. 
Conclusions
The studied cavernous gaudiene carbocage (C 72 ) of O h symmetry has two main symmetry axes with three-and four-fold faces. The magnetic response of gaudiene has been investigated by exposing it to external magnetic fields. Applying the magnetic field along the two symmetry axes leads to different pathways of the induced ring current and to somewhat different current strengths passing along the chemical bonds. The external magnetic field results in a net diatropic current density flow in the almost spherical structure of the molecular frame. The induced current density flows mainly along the chemical bonds that are perpendicularly oriented with respect to the applied field constituting the global ring current around the carbocage. The strength of the global ring current differs by only 10% when the magnetic field is applied along the two symmetry axes, suggesting that the current flow is almost as isotropic as for ideal spherical aromatic structures. The induced magnetic field exhibits a long-range shielding cone parallel to the direction of the external magnetic field, whereas a small deshielding region is located perpendicularly to the field outside the molecular frame. The gaudiene cage uniformly shields the magnetic field inside the cage leading to an isotropic magnetic shielding function in the interior of the molecule. Thus, the anisotropic magnetic response appears only at the exterior of the molecular cage. Even though the number of p electrons on the surface of the molecular cage and the current strength fulfill the criterion for spherical aromaticity, the anisotropicity of current density and the mixing of the energy levels suggest that gaudiene cannot Fig. 6 The current density pathways and current strengths (in nA T À1 ) in gaudiene as obtained for the two directions of the applied magnetic field. In (a) the magnetic field is applied along the three-fold symmetry axis and in (b) along the four-fold axis. Fig. 7 The arrow plot of the magnetically induced current density shows how the ring current flows mainly along the chemical bonds.
be considered to be an ideal spherical aromatic molecule. C 72 is an aromatic molecule with strong almost isotropic global ring currents along the chemical bonds leading to isotropic diamagnetic shielding inside the molecular frame and a region with weak paramagnetic shielding outside the molecule.
